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A B S T R A C T
2D CFD model of rotary kiln of sponge iron process is developed to study the eﬀects of angle of
inclination, number of rotation and mass ﬂow rate of iron ore on output parameters. Based on
grid independent test for temperature proﬁle optimum mesh size is selected. The result shows
that optimum angle of inclination, number of rotation and ﬂow rate of iron ore are found as 2.7
degree, 4.8 rpm and 10 kg/s, respectively. At these optimum conditions the % metallization is
predicted as 89.5%, which is 3.24% less in comparison to the existing system. The temperature
proﬁles of gas and bed are also found within acceptable temperature limits. The results are
compared well with the published work as well as industrial data.
1. Introduction
Rotary kiln is the primary equipment in sponge iron industry, which is used to reduce iron ore to metallic iron i.e. Fe. It is called
sponge iron. Rotary kiln is widely used in cement and steel industries. The production capacities of these industries depend
signiﬁcantly on the performance of rotary kiln. The parameters, which aﬀect the performance of rotary kiln, are temperature proﬁle
inside the kiln, particle size of raw material, ratio of air to coal, combustion of coal, heat transfer characteristics inside the kiln, etc. It
is diﬃcult to understand all these parameters individually due to complex nature of heat transfer along with chemical reactions,
which take place inside the kiln. Moreover, it is very much complicated to measure the physical parameters, which inﬂuence the
performance of the process. These parameters are kiln inclination and rotation, raw material characteristics, etc.
A few researchers focused on sponge iron process and suggested mathematical expressions to model the temperature proﬁle, heat
transfer, fuel combustion, reduction chemistry, etc., inside the rotary kiln. They used partial diﬀerential equations for solving the
energy equation, radiative model equation, viscous model equation etc. of the process [1]. Sass [1] developed a simpliﬁed model for
heat transfer inside the kiln, which consisted of diﬀerential equations. The model did not include simultaneous chemical reactions.
The author also developed the correlation for prediction of kiln length. The model was solved through Runge–Kutta method. It was
veriﬁed with data collected from cement kiln and ore heating kiln for U.S. steel. The author found that the predicted kiln length
through simulation was close to the actual length of the kiln. Ghoshdastidar et al. [2] developed a heat transfer steady-state model
for non-reacting zone of the rotary kiln, which was used for drying and preheating of wet solids. They used this model to simulate the
rotary kiln of cement industry. The developed model was simulated using ﬁnite diﬀerence technique. They carried out a parametric
study related to better design of rotary kiln, which required smaller inclination angle, medium gas ﬂow rate and low rotational speed
in the range of 3–5 °, 3–7 kg/s and 1–10 rpm, respectively. Further, they predicted the length of kiln with reasonable accuracy. As
focus of the present work is to analyze performance of rotary kiln through CFD a few studies related to it are discussed hereunder:
Mujumdar et al. [3] discussed that rotary kilns are complex systems as these involve the existence of several processes such as
reduction and coal combustion, which occur simultaneously in bed as well as freeboard regions. They identiﬁed various key issues
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related to performance of the rotary kilns of cement industry. These issues were simulated based on CFD models. The authors
suggested that whenever a comprehensive model is developed for rotary kilns in cement industry these key issues are required to be
examined. Further, Mujumdar and Ranade [4] considered bed as well as freeboard regions as separate sections for simulating these
regions at similar time scales. The developed CFD models were coupled through common interface by mass and heat transfer. This
approach discussed the burner design along with ﬂame characteristics to improve the kiln performance. They considered that
combustion of coal carried out in upper zone (freeboard region) of the kiln and clinkerization reactions occurred in the bed of the
kiln. They observed that 1D coupling required less computational time as compared to 2D coupling without aﬀecting the accuracy of
predicted results. Further, Mastorakos et al. [5] accounted heat transfer, clinker reactions and ﬂame modeling inside the rotary kiln
through CFD. They treated bed and freeboard models as separate domains and coupled them explicitly. They assumed axis-
symmetric geometry of kiln and coating formation throughout the length of the kiln. Wang et al. [6] observed heat ﬂux for
understanding combustion behavior and thermal eﬀect of clinker formation based on chemical and physical analyses of the process.
In terms of CFD code, they obtained gas temperature, velocity and its components in rotary kiln of cement industry. Kolyfetis and
Markatos [7] developed a CFD model for coal combustion with heat transfer in the freeboard region. However, they did not consider
clinker reactions as well as coating inside the kiln. Karki et al. [8] developed a CFD based 3D model for simulation of combustion and
heat transfer simultaneously in the kiln. They used an eﬀective thermal conductivity for deﬁning degree of mixing in the bed region,
which helped in visualizing the process eﬀectively. The results predicted by authors provided only the qualitative information of the
process.
The CFD studies discussed above are mainly carried out for rotary kiln of cement industry. However, very little work is available
related to CFD analysis of rotary kiln of sponge iron process such as: Prasad and Ray [9] developed 2D model to simulate ﬂow
pattern of air in rotary kiln of a typical 100 tpd sponge iron plant. They considered diﬀerent positions of air pipe such as 50 mm,
100 mm, 150 mm and 320 mm above the axis for identifying optimum location. It disturbed the reducing atmosphere in the solid
bed region strongly and obtained a well metalized product. The authors found that the optimum location of air pipe was at 320 mm
above the axis. Majhi [10] proposed 3D model of the kiln of a typical sponge iron plant having capacity of 500 tpd and simulated
through ANSYS 13. He found that granules exposed to freeboard region participated in reduction reaction directly. Gaurav and
Khanam [11] developed a CFD model, which was used to discuss the pattern of temperature proﬁles of the bed and gas zones along
the length of the kiln as well as Fe content. Further, Gaurav and Khanam [12] developed a 2D CFD model where variation of %
metallization and temperature proﬁle with input parameters were discussed. The results were closely matched with the published
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Fig. 1. (a) Front view of the rotary kiln (b) Cross sectional view of the rotary kiln.
Nomenclature
mc mass of char (kg)
k1 rate of external diﬀusion in Gibb model (s
−1)
k2 rate of surface reaction rate in Gibb model (s
−1)w
k3 rate of internal diﬀusion and surface reaction in
Gibb model (s−1)
kc carbon oxidation rate in Gibb model (m s
−1)
kv char formation rate constant (m s
−1)
Av pre-exponential factor of devolatilization reactions
(s−1)
Ac pre-exponential factor of devolatilization reactions
(s−1)
As constant in Gibbs model
m mass (kg)
D External diﬀusion coeﬃcient of oxygen in Gibb
model (m2 s−1)
rp particle radius (m)
Dref reference dynamic diﬀusivity in Gibb model (kg
m−1 s−1)
T particle temperature (K)
Tg Far ﬁeld gas temp. (K)
R Reynolds number
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data and industrial data. The temperature proﬁles were found using DO and P1 models. Based on higher temperature range, DO
model was considered for further calculation. Manju and Savithri [13] developed 3D model to simulate the pneumatic coal injection
and combustion process in commercial rotary kiln and solved it through steady state Eulerian-Lagrangian approach. The gas phase
was treated as continuous phase and the pulverized coal particles were tracked in the ﬂow ﬁeld in Lagrangian way. The simulated
results were validated with the data reported by Biswas et al. [14] and Guo et al. [15]. They also investigated the eﬀect of particle size
and kiln wall temperature on the particles dynamics. It helped in predicting the optimum particle size distribution for any given
physical and operating conditions of the kiln. It also proposed guidelines to select suitable type of reductant to improve eﬃciency of
the industrial reduction processes.
It appears from above discussion that many researchers used CFD to analyze performance of rotary kiln for sponge iron and
cement industries. They mainly considered ﬂow pattern of air and bed, temperature proﬁle and heat transfer characteristics inside
the kiln. However, they did not account the variation in operating parameters. Thus, the present work focuses on optimization of
performance of rotary kiln employed in sponge iron process where eﬀect of variation in operating parameters on temperature proﬁle
and % metallization is studied using CFD analysis.
2. Rotary kiln: operation and construction details
A rotary kiln, considered for the present study and shown in Fig. 1(a), is used in sponge iron industry.
The rotary kiln consists of a rotating cylindrical shell lined inside with refractory material. The kiln is around 80 m long with 4 m
internal diameter. For diﬀerent production capacities of the plant the variation in length and diameter of the kiln is from 40 to 100 m
and from 2 to 5 m, respectively. The kiln is inclined with horizontal at 2.5 degree and it rotates with 4.3 rpm. The feed consists of
iron ore, coal and dolomite is injected to the kiln as shown in Fig. 1(a). As kiln rotates, feed material moves gradually towards the
discharge end from where sponge iron exits as indicated in Fig. 1(a). Due to proper mixing heat transfer occurs inside the kiln. Hot
gases move along the kiln in the counter-current direction to the feed material. These gases are generated inside the kiln and external
furnace through combustion. External furnace is attached with rotary kiln through burner pipe as shown in Fig. 1(a). For
combustion process to start ﬂame is projected through a burner pipe, which acts as Bunsen burner, to charge the kiln. Fuel oil is
supplied to the burner, which operates with deﬁciency of air to maintain a reduced atmosphere inside the kiln. The additional heat is
supplied by combustion of volatile matter of coal in the presence of air. Combustion air is supplied from diﬀerent ports placed at
equal distance along the length of the kiln as shown in Fig. 1(a). Air enters axially through these ports is named as secondary air.
These ports are attached with blowers mounted over the periphery of the kiln as shown in Fig. 1(b). Generally, 8–9 blowers are
placed around the kiln. Further, through the central airport of discharge end an additional combustion air is blown into the kiln as
indicated in Fig. 1(a), which is called primary air. To maintain suitable temperature inside the kiln air should be supplied in
controlled quantity. Consequently, a neutral and slightly reduced atmosphere above the bed is maintained.
The kiln mainly consists of two sections: preheating zone and reduction zone. Feed material ﬁrst passes through the preheating
zone where coal is devolatilized. As the material moves along the kiln towards the discharge end it is heated around 900 °C in the
preheating zone. At this temperature reduction starts. For increasing the eﬃciency of the kiln preheat zone should be as small as
possible, normally 40–50% of the kiln length [16]. The oﬀ gases release from the kiln through feed end at 900 °C. In fact, the
maximum gas temperature inside the kiln should be kept within 1100 °C. This is due to process requirement as accretion or ring
formation inside the kiln starts at 1100 °C. It is caused by low melting eutectic compounds of FeO, SiO2, and Al2O3 in combination
with CaO or MgO from desulphurising agent used in the process. The study of accretions showed that these compounds could form
even at temperatures around 1080 °C. Further, softening temperature of coal ash drops by 40–80 °C in the presence of FeO in the
ore feed. For eﬀective coal injection, the mixture of ﬁne coal 0–0.5 mm and coarse coal 2–4 mm are needed. In general, 0–1 mm, 2–
4 mm, 4–6 mm, 6–8 mm and +8 mm coal particle traverse a distance of 26 m, 22 m, 20 m, 16 m and 5 m, respectively, inside the
kiln. As per requirement, the coal of diﬀerent particle sizes is required based on above analysis for proper distribution of coal in the
kiln.
The desired product exits the kiln and then enters to a sealed cooler, which is connected with kiln through transfer chute. Here,
temperature of products cools to 120 °C in a non-oxidizing atmosphere. Further, discharge materials are separated as DRI (sponge
iron) and non-magnetic through a collective system of magnetic separation and screens. Also by gravity separation char is separated
from the waste.
Table 1
Reaction Temperature and its heat of reaction [14].
RxnNo. Reaction Heat of formation ΔH 298 (kCal/kg-
mole)
Temperature range (°C) Heat of Reaction, GCal/kmol Nature of reaction
1. Fe2O3 + CO = 2FeO + CO2 - 12636 25–1369 −0.0030676 Exothermic
2. FeO + CO = Fe + CO2 −4136 25–1101 −0.0021232 Exothermic
3. CO2 + C = 2 CO +53256.4 25–2227 0.03983751 Endothermic
4. 2CO + O2 = 2 CO2 −135262 25–2227 −0.1340167 Exothermic
5. C+ O2 = CO2 −94050 25–2227 −0.0944742 Exothermic
6. 2C+ O2 = 2CO −40884 25–2227 −0.0547084 Exothermic
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2.1. Reaction mechanism
The reduction and combustion reactions, carried out in two zones such as bed and freeboard of the kiln, are shown in Table 1.
The temperature range and heat of reaction of these reactions are also reported in Table 1.
The important reducing agents are carbon monoxide and carbon which are used for the reduction of iron oxide. This is carried
out through reactions (1) and (2), which are exothermic. These reactions take place in bed towards discharge end of the kiln. The
combustion reaction is considered by reactions (3) to (6). These reactions are exothermic in nature except reaction (3), which is
endothermic. Reaction (3) occurs at high temperature and absorbs heat released by the combustion reactions. Reactions (3) and (5)
are known as bound ward reactions, which are reversible. The overall process is exothermic.
2.2. Governing equations
The governing equations considered in the present work are described hereunder and summarized in Table 3:
2.2.1. Continuity and momentum equations
These equations are used to visualize the ﬂow behavior of species. The continuity and momentum equations are shown as:
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where a, b and c represent streams of iron ore, coal and air, respectively.
During simulation iron ore, coal and air are considered individually as well as collectively. For example, if simulation is carried
out in bed then in Eqs. (1) and (2) a and b are considered as 1 and 1, respectively; whereas, zero is assigned to c. Similarly, while
simulating freeboard region c is taken as 1; however, a and b are assigned 0 and 0, respectively.
2.2.2. Concentration transport equation
This equation is solved to ﬁnd the percentage and ﬂow behavior of species.
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Table 2
Specifications of the kiln.
Speciﬁcations Measurement, m
Length of the kiln 80
Diameter 4
Feed end diameter 0.5
Discharge end diameter 0.5
Primary air inlet [fuel supplied] 0.5
Secondary air inlet 1.5
Exhaust gas outlet 3.5
Table 3
Parameters and equations in the model.
Equations Parameter computed Findings
Species transport (conservation) equations Reaction behavior Mass fraction of Fe
Energy equation Temperature Temperature profile
k-є model Turbulent and Dissipation energy For describing turbulent fluctuations of velocities.
DO model Radiation (Radiative Heat Transfer) Calculation of radiative heat transfer
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2.2.3. Enthalpy transport equation
The equations used to ﬁnd temperature proﬁles inside the kiln are shown as:
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2.2.4. k-epsilon equation
The standard k-epsilon model [17] is based on model transport equations for turbulence kinetic energy (k) and its dissipation
rate. These equations are:
Equation for turbulent kinetic energy
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And ε−equation
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Fig. 2. (a) Devolatilization rate along the length of the rotary kiln. (b)Mass fraction of CO2 in gas region. (c)Mass fraction of CO in gas phase. (d)Mass fraction of
CO2 in bed region. (e) Mass fraction of CO in bed region.
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2.3. Reaction kinetics
In the present work reaction kinetics of devolatilization, combustion of coal and reduction reactions are considered as discussed
hereunder:
2.3.1. Devolatilization
The devolatilization of coal occurs inside the kiln when coal is heated beyond 400 °C. It is a process to release volatile matter from
coal. The rate of reactions involved in devolatilization inside the kiln is considered from the work of Badzioch and Hawksley [18].
i. Rate of volatile production
dV
dt
X k m= i v o (15)
ii. Rate of char formation
dr
dt
X k m= (1 − )ch i v o (16)
where,
k A E
RT
= exp ( − )v v d (17)
And Av=1.35×105 s−1 and Ed=8850 kcal/mole
For the present study the region of devolatilization in rotary kiln can be observed from Fig. 2(a), which is obtained at optimum
operating conditions of the kiln, discussed under Section 5. Devolatilization rate is deﬁned as the ratio between volatile mass fraction
and residence time. Residence time is deﬁned as the ratio of length of the kiln to the mean velocity of the particles [19]. It is clear
from the Fig. 2(a) that devolatilization rate decreases smoothly up to the length of 30 m then sudden drops at the length of 40 m due
to rise in temperature in the kiln. Further, it decreases along the length of the kiln till discharge end.
2.3.2. Combustion
i. Combined eddy dissipation/ﬁnite rate chemistry models as build in ANSYS 14.5 database is used for species transport reactions
model under turbulence chemistry interaction model.
ii. Char oxidation
The char reaction is determined by both rate of diﬀusion to the surface and rate of chemical reaction at the surface. The char
oxidation is modeled either as a global reaction, or using an analytical solution for the diﬀusion and reaction of oxygen within the
pores of the char particle. Rate expressions are shown below with rate constants which are used for solving char oxidation reactions
in the present model [20].
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Combustion in gas and bed occurs through Reaction 3–6, shown in Table 1. The regions of combustion in gas and bed zones can
be illustrated by plotting mass fractions of CO2 and CO available in these zones. These mass fractions are found at optimum
operating conditions of the kiln, discussed under Section 5. The mass fractions of CO2 and CO in gas phase are shown in Fig. 2(b)
and (c) whereas; these in bed zone are drawn in Fig. 2(d) and (e).
From Fig. 2(b) it can be observed that in gas phase mass fraction of CO2 decreases up to 70 m length of the kiln and then
increases till 80 m length. This shows how CO2 involves in the gas phase combustion. Similarly, Fig. 2(c) shows that in the gas phase
mass fraction of CO suddenly increases from 60 m and decreases to 70 m length, respectively, of the kiln.
Fig. 2(d) depicts that in the bed CO2 is maximum at the feed end. It decreases abruptly up to 10 m length of the kiln due to
removal of volatile gases. Further, it increases as reaction proceeds and then attains almost constant value. During coal combustion,
release of CO2 is clearly shown here which plays an important role in further reaction. On the other hand, Fig. 2(e) shows the mass
fraction of CO in the bed. It increases up to the length of 10 m, decreases till 30 m length and remains constant up to 40 m length
and ﬁnally, increases up to discharge end. Mass fraction of CO at 80 m length shows that it maintains reducing atmosphere which is
best suited for carrying out reduction reactions.
2.3.3. Reduction reactions
The reduction reactions, shown through Reactions 1 and 2 in Table 1, take place in the bed region. The kinetics of the reactions
are described as:
dR
dt
X k m= r r r (23)
⎡
⎣⎢
⎤
⎦⎥K K
E
RT
= . exp −r o r
(24)
whereKoFe2o3 =45 s−1, EFe2o3 =49884 J/mole and KoFeo =9 s−1, EFeo =21616 J/mole [21,22].
These values of rate constant and activation energy are used in the reaction mechanism section for species transport model.
These are necessary to determine reaction rate of the species [23].
Fig. 3. (a) Schematic of the rotary kiln of sponge iron process (b) Entire view of the rotary kiln with meshing (c) Enlarged view of the discharge end of the rotary
kiln placed at inclination of 2.5 degree (d) Enlarged view of meshing for primary and secondary air inlet to the kiln.
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3. Development of CFD model
The geometry of rotary kiln of sponge iron process is developed using GAMBIT 2.4.6. Dimensions of kiln are 80 m length and 4 m
internal diameter. The kiln is inclined to 2.5 degree to the horizontal and rotated with 4.3 rpm. Bed material consists of iron ore, coal
and dolomite, enters the kiln through feed end. Due to slow rotation of the kiln bed material moves towards discharge end. During
this process bed material and gases do not mix. Therefore, iron ore bed and gases are modeled as two separate regions with ﬁxed
boundary as shown in Fig. 3(a). These regions are coupled through shadow wall, which is generated in between bed and freeboard
region using mesh interface option [23]. The heat transfer takes place through the common boundary between freeboard and bed
region in the rotary kiln mainly due to radiation.
Further, Fig. 3(a) shows one primary air inlet and two secondary air inlets. Secondary air inlet through two diﬀerent ports helps
in proper distribution of air inside the kiln, which is required for combustion. Gases generated during the process of combustion
leave the kiln as ﬂue gas as shown in Fig. 3(a).
The temperature proﬁle and ﬂow pattern inside the kiln is analyzed through CFD. The ﬂow pattern can be accounted using ﬁnite
volume analysis, where the whole volume is broken into a grid of very small but ﬁnite elemental volumes. Within these elements
properties are assumed to be uniform. In a particular elemental volume ﬂow direction and output data are computed based on the
input data. It is decided that which element is successor of the ﬁrst element and then output data of ﬁrst element to the second is
applied as input. The computation is continued until ﬁnal desired element is reached. These elements are formed through meshing of
the geometry as shown in Fig. 3(b), Fig. 3(c) and Fig. 3(d). Fig. 3(b) shows entire view of rotary kiln including meshing in the
whole kiln. The enlarged view of discharge end is shown in Fig. 3(c). It can be clearly evident from Fig. 3(b) and (c) that there are
two types of meshing: one is with denser meshing in comparison to other. This is due to consideration of two zones such as bed zone
as well as freeboard zone inside the kiln, which is also evident from Figs. 1(b) and 3(a). The computational ﬁnite volume meshing of
the combustion zone of the kiln is shown in Fig. 3(d). This geometry is subject to mesh under sub map type with quad elements
having interval size as 0.01. The speciﬁcations of meshing for 2D geometry using FLUENT solver are with 81327 cells, 124736 faces
and 81375 nodes.
The assumptions for the present work are: (1) 2D geometry of the kiln is considered, (2) Bed material, a mixture of iron ore, coal
and dolomite, is supplied as inlet stream at atmospheric temperature (300 K), (3) Outlet stream is considered as sponge iron, (4)
Secondary air injected from discharge end as shown in Fig. 3(a), and (5) reduction and combustion reactions take place in the bed
and freeboard regions, respectively.
The assumptions are justiﬁed as: (1) The rotary kiln used in sponge iron process has very complex geometry, where diﬀerent
nozzles are placed at periphery of the kiln for air inlet. As actual geometry of kiln is very complex a comparatively simpliﬁed
geometry is considered through 2D model with modiﬁcation in air inlet. Further, the ability of a model can be judged while
comparing its results with the experimental and published data as discussed under Sections 5.3 and 5.4. (2) In the rotary kiln feed is
the mixture of iron ore, dolomite and coal. It enters the kiln at atmospheric temperature and thus, considered as it is in the model.
(3) Generally, the outlet stream of the kiln consists of 82%, 10%, 0.7% and 7.3% sponge iron, char, spent lime and ash, respectively.
As the amount of sponge iron is signiﬁcantly high in the outlet stream of the kiln it is considered as purely sponge iron. (4) In the
actual model secondary air is injected in the kiln through diﬀerent blowers attached to periphery of the kiln as shown in Fig. 1. Total
air is distributed in equal amount and then enters through these blowers. However, in the present study secondary air is assumed to
be entered from discharge end as shown in Fig. 3(a). As the amount of total air as well as its ﬂow inside the kiln (i.e. countercurrent
Fig. 4. (a) Grid Independence test with eﬀect of temperature, (b) Metallization of Fe with varying angle of inclination, (c)Metallization of Fe with varying rotation
of kiln, (d) Metallization of Fe with varying mass ﬂow rate of iron ore.
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to the feed) is similar to that of actual kiln, this assumption appears to be valid. (5) The volatile matter present in coal is released to
freeboard region, which participates in combustion. However, iron ore is available in the bed where reduction reactions take place.
Geometry of two-dimensional virtual conﬁguration of the rotary kiln is developed in Gambit with speciﬁcations shown in Table 2.
The control parameters like ﬂow rates of raw materials, raw material characteristics such as chemical and physical properties,
kiln inclination and rotation, temperature, pressure, etc. inﬂuence the performance of the kiln and thus, are considered while
simulating the rotary kiln.
The accuracy of the geometry can be determined using mesh density, which gives the optimum grid size. For this purpose, the
grid independence test is performed for desired values of output parameters such as temperature, velocity, etc. For selection of
appropriate grid size temperature proﬁles along the length of the kiln with three diﬀerent mesh sizes are found as shown in Fig. 4(a).
These meshes are named as A, B and C. The prediction for the accuracy based on diﬀerent mesh sizes such as coarser mesh (A), ﬁner
mesh (B) and ﬁnest mesh (C), which contains 40903, 81327 and 157437 cells along with interval size as 1, 0.5 and 0.1, respectively.
Fig. 4(a) shows that values of temperature found for coarser mesh A (interval size as 1) deviate more as compared to the values
predicted through ﬁner mesh B (interval size as 0.5) and ﬁnest mesh C (interval size as 0.1). Hence, Mesh B is considered for the
simulations as Mesh A didn't give good result due to coarser meshing whereas Mesh C requires signiﬁcant time (approx. 36 h more)
than Mesh B to converge.
4. Model equations
Simulation of rotary kiln for sponge iron process is based on combustion of coal particles and reduction of iron ore. The heat
transfer inside the kiln is done through radiation. The model equations used for computation of desired parameters, such as
temperature proﬁle and % metallization, are tabulated in Table 3.
Energy equation is considered for observing the temperature ﬂow behavior. The k-epsilon viscous model with standard k-epsilon
and standard wall function under near wall treatment are used in the present model as shown in Table 3. Discrete Ordinates (DO)
model is used for radiation. Species transport model is used to observe the reaction behavior of diﬀerent equation. It gives %
metallization in the outlet stream of kiln. Under turbulence-chemistry interaction section Finite rate/Eddy dissipation model is used.
Spatial discretization with least squares cell based method is used for solving the present problem.
The reﬁnement of the DO model is controlled by the angular discretization [24]. The theta and phi divisions are deﬁned the
number of control angles which is used for discretizing the octant angular space. For present 2D model, Fluent is solved only four
octants due to symmetry. By default, the number of Theta Divisionsand the number of Phi Divisionsare both set to 2. For most
practical problems, these settings are acceptable [25]. For accuracy and proﬁtability default division values are selected in the
present case. Increasing the divisions will increase cost of computation. Increasing pixilation will also increase computation. Hence,
default value is selected in present case. Thus, DO model is selected.
The absorption coeﬃcient is given by I/Io = exp (-ax), Where I is the radiation intensity, a is the absorption coeﬃcient and x is
the distance through the material. It is deﬁned in terms of 1/length. In the present case non-gray radiation model is selected for
which constant absorption coeﬃcient is speciﬁed in each terms of gray bands. Hence, default absorption coeﬃcient value is selected
as 200 (1/m) [26].
The non-gray DO is divided the radiation spectrum into N wavelength bands which need to be equal in extent. This wavelength
interval is integrated over the range varies between the boundaries of wavelength band. The DO model is deﬁned by considering RTE
(radiative transfer equation) in terms of wavelength, absorption coeﬃcient and black body intensity given by Planck function. Hence,
wavelength is selected on the basis of radiant energy emitted by a black body [27]. Here, default value of wavelength is chosen.
4.1. Operating and boundary condition
The values of operating parameters are shown in Table 4. The properties of injection coal are same as feed coal.
The mass ﬂow rates at all inlet boundaries are speciﬁed with direction normal to the boundary. All walls of the kiln, burner and
air inlet are developed using no slip walls method [28]. Raw material, which is a mixture of iron ore, coal and dolomite, is entered
Table 4
Specific heat of streams.
Stream Component Specific heat (J/kg°C) Mass flow rate (kg/s) or mass fraction Specific heat of mixture (J/ kg°C)
Value Reference
Iron ore 960 (22) 10 1092.7
Feed
Feed coal 1380 (23) 5.1
Dolomite 1028.38 (28) 0.29
Air – 1032.6 (28) – 1032.6
Product Sponge iron 594.93 (29) 3.8 687.9
Water – 4187 (28) – 4187
Product Waste gas 1140 (29) – 1140
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from the feed end at 27 °C. The product i.e. sponge iron is collected from discharge end at 950 °C. Flue gases are released from feed
end at 900 °C. The maximum limit of temperatures of air, ﬂue gas and product inside the kiln is ﬁxed as 1100 °C as beyond that
fusion starts, which is undesirable in the process. Thus, in the present work temperatures of feed, air, ﬂue gas and product vary from
27 °C to 1100 °C. Details of operating conditions are shown in Table 5. The properties of the materials are given in Table 6.
5. Results and discussion
In the present work 2D model of rotary kiln employed in sponge iron process is developed. Analysis of the results of the present
2D model is carried out in this section to study the behavior of operating parameters, which inﬂuence the performance of the rotary
kiln. As the primary output parameters to observe are temperatures of freeboard and bed and % metallization the eﬀect of variation
in input parameters on these output parameters is analyzed here. For this purpose, the input parameters are varied in ranges shown
in Table 7. In fact, these ranges of input parameters are found from industrial practice.
5.1. Eﬀect of variation of input parameters on % metallization
The eﬀect of variation of input parameters on % metallization is studied to predict its maximum possible value. Considering
rotation of the kiln and mass ﬂow rate of iron ore as 4.3 rpm and 10 kg/s, respectively, the angle of inclination is varied from 2.5 to
3.0 degree to compute % metallization, which is shown through Fig. 4(b). It shows that at 2.5 degree inclination and 4.3 rpm the
% metallization is found as 86%. In fact, the value of % metallization found through industrial practice is 92.5%, which is 7% more
than the predicted value. Fig. 4(b) shows that up to 2.7 degree inclination value of % metallization increases and then decreases. It is
explained as when angle of inclination increases residence time of feed inside the kiln decreases. Up to certain increased value of
inclination better mixing of bed material occurs inside the kiln, which increases the % metallization. Further, increase in angle may
decrease residence time in the kiln signiﬁcantly, which reduces time required in reduction and thus, the % metallization [29]. Such
variation of % metallization with angle of inclination is expected. Thus, the maximum metallization is found as 88.76% for angle of
inclination of 2.7 degree, which is clearly indicated through Fig. 4(b). It is considered as optimum angle of inclination. Further, at
inclination and mass ﬂow rate of iron ore as 2.7 degree and 10 kg/s, respectively, rotation of the kiln is varied from 4.3 to 5.3 rpm.
For diﬀerent rotation of kiln % metallization is predicted and plotted in Fig. 4(c). It indicates that optimum number of rotation is
found as 4.8 rpm for which metallization is 89.5%. It may be due to the fact that at slightly higher rotation the mixing of feed
material in the kiln is better, which shows proper reduction inside the kiln and consequently, % metallization increases. Fig. 4(c)
shows that for further increase in rotation, mass fraction of Fe decreases as the bed material does not mix properly due to higher
rotation.
Now, diﬀerent mass ﬂow rate of iron ore from 0.5 to 12 kg/s is considered to visualize its eﬀect on % metallization. For this
purpose, Fig. 4(d) is drawn. The values shown in Fig. 4(d) are found for optimum values of rotation and inclination, which are
4.8 rpm and 2.7 degree, respectively. The % metallization increases with increase in mass ﬂow rate of iron ore up to 10 kg/s and then
decreases as clearly shown in Fig. 4(d). The maximum value of % metallization is 89.5%, which is found at 10 kg/s of iron ore. As
ﬂow rate of iron ore increases though residence time decreases metallization increases due to more amount of iron ore available for
reduction inside the kiln. Thus, % metallization increases up to ﬂow rate of iron ore as 10 kg/s. Further, increase in ﬂow rate the
Table 5
Operating conditions.
S. No. Variables Values
1. Speed of rotation (RPM) 4.3
2. Flow rate (iron ore) (kg/s) 10
3. Flow rate (Feed coal) kg/s 5.1
4. Flow rate (Dolomite) kg/s 0.29
5. Height at solid entry (meter) 2.5
6. Burner (primary air) 2.427 kg/s coal and 1.195 kg/s air
7. Secondary air 18.28875 kg/s
8. Total air mass flow rate 19.48375 kg/s
9. Coal particle size (µm) 0–10
Table 6
Properties of the materials [30–33].
Materials & Properties Iron Iron ore Iron oxide Dolomite Carbon solid Air
Density(kg/m3) 7874 5242 5745 2840 2260 1.292
Molecular weight 55.845 159.69 71.844 184.41 12.01115 28.966
Thermal conductivity (W/m-K) 80.4 1.3 3.3 1.75 0.33 0.0242
Enthalpy (J/kg mol) 13.1 −826 −272 −654 −101.268 0
Entropy (J/kg mol-K) 34.287 87400 60750 42365 5731.747 194336
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residence time reduces signiﬁcantly. It may occur due to complete consumption of slinger coal near the discharge end and thus,
signiﬁcant amount of un-reacted iron ore is passed through the kiln. It fails to achieve the desired degree of metallization as shown in
Fig. 4(d). Hence, optimum ﬂow rate of iron ore is found as 10 kg/s.
5.2. Eﬀect of variation of input parameters on temperature proﬁle
The temperature of bed increases from feed end to discharge end along the length of the kiln due to heat transfer through
radiation. The temperature proﬁles of bed along the length at diﬀerent angles of inclination varying from 2.5 to 3.0 degree are shown
in Fig. 5(a). For these values number of rotations and ﬂow rate of iron ore are considered as optimum i.e. 4.8 rpm and 10 kg/s,
respectively. Temperature proﬁles are almost similar for all angles of inclination as indicated in Fig. 5(a). The minimum and
Table 7
Variation in input parameters.
Parameter Range Unit
Angle of inclination 2.5–3.0 degree
No. of rotation 4.3–5.3 rpm
Flow rate of iron ore 0.5–12 kg/s
Fig. 5. (a) Bed temperature proﬁle at various inclination, (b) Gas temperature proﬁle at various inclination, (c) Bed temperature proﬁle with various mass ﬂow rate
of iron ore, (d) Gas temperature proﬁle with various mass ﬂow rate of iron ore, (e) Bed & Gas Temperature Proﬁle at 2.7 degree and 4.8 inclination at optimum
condition, (f)Temperature contour of the kiln.
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maximum temperatures of these proﬁles are 27 °C and 950 °C, respectively, which are falling within the acceptable limits of
temperatures i.e. less than 1100 °C. The trend of temperature proﬁles is continuously increasing, which is expected. The similar
trend is found in the work of Sarangi and Sarangi [29] and Boateng and Barr [16]. For similar values of angles of inclination, the
temperature proﬁles of gas at optimum values of rotation and mass ﬂow rate i.e. 4.8 rpm and 10 kg/s, respectively, are found and
shown in Fig. 5(b). These are increasing from feed end to discharge end as observed for bed temperature proﬁles in Fig. 5(a). It is
explained as: In the rotary kiln coal enters from two sides of kiln i.e. feed end (5.1 kg/s) and discharge end (2.427 kg/s). In the ﬁrst
half of kiln gas temperature in the freeboard region increases due to combustion process occurred in this region where volatile
matter present in coal is released and participated in combustion. Coal entered from feed end consumes in ﬁrst half of kiln. However,
in second half of kiln reduction takes place using coal that enters from discharge end. As reduction reactions are exothermic in
nature, as shown in Table 1, heat is released in this section, which causes further increase in temperature of gas. Therefore, gas
temperature increases from feed to discharge end as shown in Fig. 5(b). The minimum and maximum temperatures of these proﬁles
are 477 °C and 955 °C, respectively. This temperature range is suitable for combustion reaction in the rotary kiln.
The temperature proﬁles of bed and gas inside the kiln are required to maintain within the preferable limits of temperatures as it
aﬀects the reduction of iron ore to sponge iron i.e. Fe. It is due to the fact that if temperatures of bed and gas are maintained at lower
temperature reduction reaction can be performed eﬀectively. On the other hand, if temperatures of bed and gas are considerably
high i.e. greater than 1100 °C the problem of accretion and ring formation starts in the kiln, which reduces the heat transfer area of
the kiln.
At diﬀerent mass ﬂow rate of iron ore such as 0.5 kg/s, 2 kg/s, 2.5 kg/s, 5 kg/s, 7.5 kg/s, 10 kg/s, 11 kg/s and 12 kg/s, the
temperature proﬁles of bed and gas are plotted in Fig. 5(c) and Fig. 5(d), respectively. For this case angle of inclination and number
of rotation are considered as 2.7 degree and 4.8 rpm, respectively. The trend of temperature proﬁles is found increasing.
The temperature proﬁle of the bed and gas are shown in Fig. 5(e) for optimum conditions where angle of inclination, rotation
and ﬂow rate of iron ore are 2.7 degree, 4.8 rpm, and 10 kg/s, respectively. These proﬁles show a smooth rise in bed and gas
temperatures. Temperature contours of the kiln is shown in Fig. 5(f) which is also found at optimum conditions such as 2.7 degree
angle of inclination, 4.8 rpm rotation and 10 kg/s ﬂow rate of iron ore. Fig. 5(f) shows that the temperatures of bed and gas
increases from feed end to discharge end along the kiln length, which is an expected outcome. Similar behaviors are observed in
Fig. 5(a-d).
5.3. Comparison of results of present model with that of published work
The temperature proﬁles of the simulated results found in the present work at optimum condition are compared with that
predicted in the work of Sarangi and Sarangi [29]. These proﬁles of bed and gas zones are plotted in Fig. 6(a). This ﬁgure depicts
that proﬁles of bed and gas zones found in the present work match well with that obtained by Sarangi and Sarangi [29]. The
temperature of the bed started from 27 °C in the present case whereas Sarangi and Sarangi [29] considered it from 0 °C. Therefore,
there is slight diﬀerence in temperatures of bed near the feed end. In general, most of the cases feed entered the kiln at room
temperature and thus, it appears that results found in the present work are more realistic. The temperature of gas zone is around
527 °C which is equal to that reported in the work of Sarangi and Sarangi [29]. Similar trend of the temperature proﬁles of bed and
gas zones are also found in the work of Boateng and Barr [16] and Biswas et al. [14]. It shows that results found in this work are clear
and acceptable.
5.4. Comparison of results of present model with that of industrial practice
The simulation results obtained for % metallization shown in Fig. 4(b) are not validated with the published results as no work
Fig. 6. (a) Comparison of bed and gas temperature proﬁles [24]. (b) Comparison of gas temperature proﬁle.
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related to these is found in the literature. However, the comparison is carried out with industrial values in Table 8. It shows that for
similar operating conditions value of % metallization found through industrial practice is 7% more than that is found using present
2D model.
Further, temperature proﬁle of kiln found from industrial practice is compared with that predicted in the present work, as shown
in Fig. 6(b). In fact, the operating conditions inside the kiln to obtain these temperature proﬁles are same as shown in Table 8. It can
be observed from Fig. 6(b) that trend of both temperature proﬁles is similar. However, the maximum error between these proﬁles is
18.35%. The values of temperature found from industry are higher in comparison to the predicted values. The possible explanation
of the error is: though operating conditions of simulated as well as industrial results are same, the present work considers simpler
geometry of rotary kiln. In the industry, secondary air is injected in the kiln through diﬀerent blowers attached to periphery of the
kiln as shown in Fig. 1. However, in the present study secondary air is assumed to be entered from discharge end as shown in
Fig. 3(a). Moreover, the actual kiln is 3D geometry, whereas, it is simulated through 2D model in this work. Due to these
assumptions error of 18.35% is observed. Moreover, the error in measurement may also occur while taking values from
thermocouple in industry.
Further, it is observed that at initial operating conditions % metallization and temperature proﬁle of gas phase predicted in the
present work and found from industry are comparable. Thus, the results for other operating conditions are also thought to be
correct. It shows the eﬃcacy of the present model.
6. Conclusions
A 2D CFD model of rotary kiln for sponge iron process is developed in this work and simulated using ANSYS 14.5. The present
study discusses the behavior of temperature proﬁle of bed and gas along the length of the kiln and % metallization. These parameters
are studied based on variation of input parameters such as angle of inclination, number of rotation and mass ﬂow rate of iron ore.
The salient conclusions of the study are:
1. Results indicate that varying the angle of inclination from 2.5 to 3 degree, % metallization increases and then decreases at
constant rotation and ﬂow rate of iron ore. The optimum angle is found as 2.7 degree. Similarly, optimum number of rotation and
ﬂow rate of iron ore is found as 4.8 rpm and 10 kg/s, respectively. At these optimum conditions the % metallization is predicted as
89.5%, which is 3.24% less than that is found in the existing system.
2. The bed and gas temperature proﬁles increase from feed end to discharge end while varying mass ﬂow rate of iron ore, rotation
and angle of inclination.
3. Temperature proﬁles of gas and bed zones found in the present study at optimum conditions are compared well with that
predicted in the published work.
4. The temperature proﬁles found through industrial data and simulation are compared with 18.35% error.
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